Introduction
compared to rest (e.g., early visual network decreased its connectivity with dorsal attention network and 141 increased its connectivity with the default mode network as well as the fronto-parietal network, during 142 movie watching [33] . These findings bring into question the validity of using movies for studying "resting 143 state" -functional connectivities and -networks in particular. However, movie or video-watching still 144 remains the most feasible method by which to record RSFC from children in an fMRI setting (with varying 145 success depending on where the movie lies in the spectrum from too engaging to not engaging enough). 146 Because fNIRS recording set-up is quiet, comfortable to wear, and unrestrictive compared to the 147 fMRI environment, a less engaging set-up for aiding compliance can be sufficient. Our study proposes an 148 experimental paradigm called Freeplay that may closely approximate resting state, and which takes 149 advantage of the spatially unrestrictive nature of an fNIRS recording situation. In this "task", participants 150 are seated at a table, presented with a set of simple toys (e.g., wooden blocks, small plastic animals) and 151 asked to quietly play for a few minutes. The premise is that children can naturally comply much more 152 easily with sitting still and quietly for a period of time when presented with even simple and unengaging 153 toys. In addition, the fNIRS possible sampling rate is much greater than that of fMRI, thus requiring less of time without any specific task, and in the same way, allows natural individual variation to be present. 158 Allowing natural variability is important as it allows researchers to be more confident that connectivity 159 patterns consistent across many participants are generalizable and not arising from task-specific or stimuli-160 specific states. Since measuring RSFC in children relies on using approximations of the resting state task (e.g., 163 movie watching, silent rest), it is important to also develop multiple such approximations, to combat the task impurity problem. Freeplay contributes as one method for approximating resting state. Moreover, 165 Freeplay avoids several biases that are inherent in some previous methods. For example, relatively 166 engaging or externally-guided stimuli, such as movie clips or screensavers, potentially compromise the 167 unrestrained and non-externally-directed nature of thinking that is characteristic of true resting state. They 168 may also potentially engage functional networks differently from rest (e.g., naturalistic movie viewing has 169 been shown to alter connectivity patterns among certain networks compared to rest) [ Current study 192 193 This study aims to demonstrate feasibility of using fNIRS and Freeplay to measure RSFC in pre-194 school-aged and early school-aged children. We present this paradigm as a potential means to address the 195 gap in research on RSFC in children, stemming from a lack of appropriate measurement and behavioral 196 tools for the population. This set-up is designed to place minimal restrictions on the participant, allow We first investigated whether the fNIRS-Freeplay paradigm allows us to measure RSFC --205 specifically, whether the paradigm exhibits construct validity. We did this in two ways. First, we asked 
211
If adults "at rest" and in Freeplay show similar connectivity patterns and are difficult to distinguish 212 from each other, this would suggest that Freeplay may be a good approximation of resting state.
213
Confirming this hypothesis would help validate fNIRS-Freeplay as a paradigm for measuring RSFC in 214 adults, and a natural next step would be to apply this paradigm to measure RSFC in children. To begin 215 exploring this (and also to provide a control for our first similarity measure --classification error between 216 adults in Freeplay and "at rest"), we additionally measured NIRS-Freeplay data in children, hypothesizing 217 that adults and children in Freeplay will show different connectivity patterns, consistent with research 218 suggesting significant development of RSFC from childhood into adulthood [9] . Figure 1 ), to prevent probe from slipping as well as to cover the probe to prevent ambient 261 light from reaching the sensors. The participant sat in a rigid, stationary chair to reduce movement artifacts.
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After fitting the fNIRS cap to the participant's head, signal quality was checked for each source-263 detector channel and calibrated if needed to make sure the fNIRS fiber optics made good contact with the 264 scalp of the participant, and that the detector was sensitive to cardiac pulsation as a sign of good signal-265 to-noise (SNR) ratio. Any detector saturation was also adjusted for in this step. fNIRS data was recorded 266 for each participant using custom data collection software that interfaced with the fNIRS system, described Raw light attenuation measurements were converted to oxy-hemoglobin and deoxy-hemoglobin 278 concentration changes using the modified Beer-Lambert law [44, 45] . We removed long-term drifts in the 279 data by subtracting a least-squares linear fit. We then band-pass filtered the data to remove cardiac and 280 respiration signals (retaining frequencies in the range 0.01-0.1 Hz, as suggested by [40] ). To mitigate 281 motion artifacts in the form of sudden spikes or shifts, we applied a widely-used correlation based signal 282 improvement (CBSI) filter, which is based on the assumption that true oxy-Hb and deoxy-Hb should be 283 maximally negatively correlated [46] . As an alternative, we also ran all of the analyses on data filtered 284 with a kurtosis-based wavelet filter (kbWF), shown previously to outperform other motion artifact 285 removal methods such as PCA, tPCA, regular wavelet filter, and spline interpolation [47] --results with 286 the kbWF were qualitatively identical and hence not reported here. With the resulting time series, we 287 computed partial correlations for each channel pair (CP), given the other channels (since there were 10 288 channels, there were 45 (10 choose 2) distinct CPs). These 45 computed partial correlations, which are 289 represented graphically in correlation matrices (as in Figure 3 ) were the main quantities studied in this 290 paper. We used partial correlation as the index of RSFC in this study because it can factor out correlation 291 between fNIRS channels due to shared extracerebral components, and is thus thought to characterize 292 relationships between brain regions more precisely than Pearson's correlation [48, 49] . Our first goal was to test for significant homologous connectivity, characteristic of RSFC. To do 297 this, we compared functional connectivity between regions that were homologous (bilaterally symmetric) 298 to that between non-homologous regions.
299
Our second goal was to test the validity of Freeplay as a task for measuring resting state. To do so, we 300 compared the functional connectivity in adults between the two conditions, "at rest" and Freeplay. Since 301 it is difficult to directly measure similarity between two groups of functional connectivity patterns, we did 302 so by estimating the accuracy of classifiers trained to distinguish different conditions (e.g., between "at 303 rest" and Freeplay in adults). Higher accuracies suggest greater distinguishability, and hence greater 304 dissimilarity, between classes. Given the high-dimensionality (45 CPs) of our problem, we used logistic 305 LASSO (i.e., logistic regression with the Least Absolute Selection and Shrinkage Operator penalty), which 306 should perform relatively well in our high-dimensional setting [50] . Accuracy was estimated using leave-307 one-out cross-validation (LOOCV). Within each LOOCV fold, the LASSO regularization parameter λ 308 was selected by 10-fold cross validation. To reduce the chance that results were classifier specific, we also First and foremost, all participants (including all child participants) completed the task and 317 provided usable data.
Fig. 3. Group-averaged partial correlation matrices for children in Freeplay and for adults in 322
Freeplay and at rest. Channels 1-5 were located on the right hemisphere; channels 6-10 were located on 323 the left hemisphere. Homologous CPs are circled in the child panel. In this experiment, we studied reliability of the NIRS-Freeplay RSFC measure in children, in 355 terms of consistency of results across independent scans (intersession, or test-retest, reliability). To do 356 this, we collected multiple NIRS-Freeplay scans from children on different days and estimate a 357 connectivity network from each scan. We then measured similarity of this estimated connectivity network 358 both across scans within subjects and across subjects. data from 2 participants who were not able to complete all 4 scans due to scheduling constraints was 369 discarded. Data was preprocessed and partial correlations computed as in Experiment 1. Again, since there 386 were 10 channels in this probe design, there were 45 (10 choose 2) distinct CPs. (1)
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Homologous versus non-homologous CPs
(2) 404 ICC is defined as the proportion of between subjects variation to total variation. That is,
where BSV denotes the between-subjects variance (i.e., the average (over scans) of the variance across 407 subjects) and WSV denotes the within-subjects variance (i.e., the average (over subjects) of the variance 408 across scans).
410

Measures of similarity between binarized connectivity networks 411 412
In addition to the partial correlation matrix itself, studies of RSFC are often interested in the 413 network structure of functional connectivity. Studying this requires binarizing the partial correlation 414 matrix (i.e., identifying each CP as either "connected" or "disconnected". Therefore, to study reliability 415 of the functional connectivity network, we binarized each CP by thresholding the absolute value of its 416 partial correlation value at a "connectivity threshold" θ; absolute values below θ were replaced with 0 417 (denoting an unconnected CP), and absolute values above θ replaced by 1 (denoting a connected CP).
418
We then used two indices of inter-scan reliability: the F1 score (a.k.a., Dice coefficient), a general CPs. Accuracy (proportion of agreement) between the two binarized scans was not used as a measure of 423 similarity because it is extremely sensitive to the connectivity threshold; for example, using a threshold 424 of 0 (full connectivity) or 1 (no connectivity) results in a perfect accuracy of 1. The raw (continuous, un-425 thresholded) correlation was also not used, as it is relatively difficult to interpret as a measure of reliability. 426 We chose θ to maximize (over 1000 equally spaced values between 0 and 1) each reliability index (F1 427 score and MCC) and used LOOCV to obtain an unbiased estimate of each reliability index. Nevertheless, we investigated the effects of adjacent channel pairs by also running all the analyses with 444 adjacent channels removed -the results are discussed in the section "Post-hoc tests" below.
445
To also measure consistency across scans at the individual level, we calculated Pearson and 446 Spearman correlations between RSFC matrices in each scan, for each subject. The average of those 447 correlations was 0.47 with 95% CI (0.42,0.53) (deoxy-Hb: 0.47 with 95% CI (0.42, 0.54)) for Pearson and 448 0.43 with 95% CI (0.37, 0.49) (deoxy-Hb: 0.42 with 95% (0.36, 0.48)) for Spearman, suggesting that 449 consistent, detectable signals are present even at the individual level. The mean (across LOOCV folds) F1 score was 0.71 with 95% CI (0.66, 0.76) (deoxy-Hb: 0.67 469 with 95% CI (0.63, 0.71)). The mean cutoff threshold chosen was θ=0.73, corresponding to functional 470 connectivity in a mean of 6.4% of CPs. The mean MCC was 0.44 with 95% CI (0.37, 0.51) (deoxy-Hb: 471 0.39 with 95% CI (0.29,0.49)), with a mean cutoff threshold of θ=0.66, corresponding to functional connectivity in a mean of 9.4% of CPs. Within each cross-validation fold, a nested LOOCV was used to 473 select the thresholds that maximized the reliability score. The entire cross-validation curves are shown in 474 Figure 6 . 475 We performed a permutation test comparing the F1 score or MCC to that after randomly permuting correlations may be more informative. 
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Post-hoc tests
As is apparent from the group RSFC matrices shown in Figures 2 and 4 This study explored the feasibility of using fNIRS and Freeplay to measure RSFC in children.
511
Consistent with previous results, we were able to recover connectivity features characteristic of RSFC, 
516
Additionally, in adults, correlation patterns in Freeplay were similar to that in traditional resting 517 state --trained classifiers did not perform significantly better than chance, suggesting that Freeplay may 518 produce a state similar to that in the traditional resting state condition. Since Freeplay was designed to 519 approximate resting state in children, who struggle with the traditional resting state task, this comparison 520 of Freeplay to the traditional task in adult participants serves as an additional check for the viability of 521 fNIRS-Freeplay for measuring RSFC in children. Crucially, all children completed the task and provided 522 usable data, speaking to the practical utility of the Freeplay paradigm for studying RSFC in children.
523
Further, correlations in adults and children in Freeplay showed different patterns, from which a trained 524 classifier was able to predict "adult" or "child" with high accuracy --this is in line with our expectations 525 given that we know RSNs develop significantly with age. Finally, Experiment 2 demonstrated inter-scan 526 reliability, in that similar connectivity patterns are found between 2 independent scans of the same 527 individual, and that within-subject variance is significantly lower than between-subject variance. This 528 reliability is observed for both the raw RSFC matrices and the resulting connectivity networks after 529 thresholding appropriately, and is observed both with and without adjacent channel pairs. The test-retest reliability value for ICC (0.53) was lower in our paper than in a previous paper (0.7) 534 by Niu et al. looking at RSFC test-retest reliability in adults [19] . Some possible reasons for this may be 535 that: 1) since we are measuring in children, the data may be noisier, and 2) they measured functional 536 connectivity in terms of Pearson (rather than partial) correlations, which can be inflated by other sources 537 of correlation between channels besides functional brain correlations.
538
Although our study compared "Freeplay" to the traditional "at rest" condition measured with adults, 539 it did not compare to either a true task condition, or a "movie-watching" condition. Comparing the 540 functional connectivity patterns in "Freeplay" with not just "at rest" but also these other conditions may 541 help us better characterize RSFC. For example, if we are able to show that a trained classifier can 542 effectively distinguish between adults in the "at rest" or "Freeplay" conditions from those in the movie 543 watching condition, it would provide a comparison condition for "Freeplay" as well as corroborate 544 previous findings that "movie watching" alters resting state.
545
The current study introduced a new paradigm for measuring resting state functional connectivity 546 in children that combines fNIRS and a method called Freeplay to help increase participant compliance 547 and induce a state similar to adult resting state in children. We demonstrated the practical feasibility as 548 well as the construct validity of the Freeplay-fNIRS paradigm for studying RSFC in children by measuring 549 correlations between pairs of regions in the PFC. As previously discussed, the PFC is a central player in found that network properties of RSFC in the PFC, as measured by fNIRS, were correlated with varying 553 performance in EF tasks in adults. An important next step will be to extend those investigations to children.
554
Future work can explore the changes in PFC connectivity structures that parallel observed cognitive 555 development in EF or other domains subserved by the PFC. As a practical setup for measuring RSFC in 556 children, the fNIRS-Freeplay paradigm will allow investigation of questions such as these to advance 557 understanding of the neural mechanisms of cognitive development.
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